The ZnO-based Schottky diodes revealing a high rectication ratio may be used in many electronic devices. This paper demonstrates several approaches to obtain a ZnO-based Schottky junction with a high rectication ratio. The authors tested several methods such as: post-growth annealing of the ZnO layer, acceptor (nitrogen) doping, as well as the ZnO surface coating with a properly chosen dielectric material. The inuence of these approaches on the diode's rectication ratio together with modeling based on the dierential approach and thermionic emission theory are presented.
Introduction
Zinc oxide (ZnO) is presently tested for advanced electronic applications. For example, a ZnO-based junction is considered as a selector in the new generation of 3D memory cells built in the so-called cross-bar architecture [1, 2] . For this application a ZnO-based junction (Schottky or pn one) should have a suciently high rectication ratio. The hybrid structures, in which ZnO plays a role of the n-type partner of organic material or acts as a transparent conductive oxide, are also tested for photovoltaic cells [35] .
Despite several possible applications, construction of good quality ZnO-based Schottky junctions still remains a challenging issue. This is due to the high n-type conductivity of ZnO obtained by various deposition methods [68] . The modeling shows that the electron concentration in ZnO to form a Schottky junction with a good rectication ratio should not be higher than 10 16 
10
17 cm −3 [9] . This is crucial to achieve a low value of the diode's reverse current. Moreover, a high carrier mobility is desired to get a high forward current. Additional complication stems from a relatively high concentration of surface states in ZnO resulting in the Fermi level pinning. This deteriorates the rectication ratio signicantly. Moreover, the Schottky barrier height (SBH) * corresponding author; e-mail: krajew@ifpan.edu.pl does not follow the dierence in work functions of ZnO and metal. In fact, dierent metals have been tested as the Schottky contacts to ZnO [10] and the reported SBH was often independent of the metal used. It was shown that dierent surface pre-treatments [11, 12] improve the junction's currentvoltage (I V ) characteristics. Till now the best diodes were obtained for ZnO bulk crystals (mainly hydrothermally grown ones) [13, 14] as they have basically low carrier concentration n ≈ 10 14 10 15 cm −3 due to the eective compensation with Li atoms.
In this work we discuss electrical properties of the ZnO--based Schottky junctions with silver as the Schottky metal. We apply several approaches (post-growth annealing, acceptor (nitrogen) doping via the NH 4 OH precursor used as an oxygen source, surface coating with a properly chosen dielectric material) to obtain the Schottky diodes with required properties.
Experimental
The ZnO lms were grown at low temperature (be- T.A. Krajewski et al.
The junctions with a silver 
where V and I stand for the voltage and the current, respectively. For CVC the α value denotes the ratio of the static resistance R = V /I to the dierential resistance dR = dV / dI, or the ratio of the dierential conductivity dσ = dI/ dV to the conductivity σ = I/V . The α value also represents the exponent in the power law depen-
Similarly, the γ parameter describing the exponential law in the form of I(V ) = exp(V γ ) can be found as [15] :
While processing the experimental dependences I(V ) using Eq. (3) one can reveal the regions of α = const. These are the regions where the I(V ) dependence is adequately approximated by a power law.
Similarly, while analyzing the experimental dependences I(V ) using Eq. (4) one will nd the regions of γ = const. These ones correspond to the exponential behavior of I(V ).
In such a case the general analytical expression for the combination of power and exponential functions can be written as
where β and V 0 are constant.
According to this denition, the dierential approach towards the analysis of experimental data allows one to determine the dominant carrier transport mechanism in the junction, judging from the dimensionless α and γ parameters. The typical values of α and γ for dierent known transport regimes are listed e.g. in [15] .
Results and discussion
As already mentioned in Introduction, to construct a good quality ZnO-based Schottky diode one has to overcome the problem of heavy unintentional n-type doping that is frequently reported for this material. Such a behavior has been attributed to a high concentration of donor type defects. Hydrogen atoms located in the interstitial positions [18, 19] , zinc interstitials [20] and oxygen vacancies are claimed to be the most important shallow donors in ZnO. These defects are hampering p-type doping in ZnO [21] .
The free electron concentration (n) in ZnO must be minimized to obtain a rectication in a metal semiconductor junction. Therefore, we tested dierent approaches to decrease n value.
For example, a post-growth annealing of a ZnO lm (at 180 • C and 250 • C) results in a drop of n up to three orders of magnitude, as already reported in [22] . The rectifying eect is then observed [23] . Unfortunately, this solution is not applicable for the heterostructures containing temperature-sensitive organic materials, such as e.g. pentacene [24] . Moreover, the low thermal budget re- were suitable for a selector application in the cross-bar memories [1] . The obtained diode revealed the ideality factor η ≈ 2.06 and is still competitive with the ones constructed for analogous purposes by industrial companies [26] .
In the present work we test the traditional architecture (with the top Schottky contact) for the sensing applications of ZnO-based structures [27, 28] . We rst tested the applicability of ZnO lms doped (compensated) with nitrogen applying the NH 4 OH precursor. Nitrogen acts as a p-type dopant in ZnO (with high ionization energy of about 1.3 eV [29] ), eectively compensating the free electron concentration [28] . Figure 1 shows that nitrogen is built-in uniformly into the host material. We observed that N-doping results in a substantial drop of n down to the values of about 10 14 cm −3 . We also noticed a decrease of diode reverse current with increasing nitrogen Schottky Junctions Based on the ALD-ZnO Thin Films . . .
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concentration (see Fig. 2 ). However, if N concentration exceeds 23% we observe a decrease of electrons' Hall mobility due to the enhanced scattering processes at ionized impurities. The forward (driving) current is then decreasing (see Fig. 2 ). An optimally doped ZnO:N/Ag diode reveals the rectication ratio 2.1 × 10 3 at ±3 V and ideality factor η ≈ 2.65 according to the well known thermionic emission theory, dening the thermionic emission current I th as:
where R s and I s denote a diode series resistance and a saturation current, respectively. I s , from which a Schottky barrier height φ B can be estimated, is given by
where A is the contact area (approximately 0.7 mm
)
and A * denotes the eective Richardson constant (theoretically for ZnO A * = 32 A K −2 cm −2 ). As derived from these formulae, φ B for the ZnO:N-based diode is about 0.7 eV. A similar value of φ B has been reported for the Schottky junctions on bulk ZnO [13, 28] . water (see Fig. 4c ).
The junctions' modeling performed according to the dierential approach, presented in Fig. 5ac showed that the dierential slope α demonstrates various behaviors under introducing the HfO 2 interlayer (Fig. 5a ). In all cases except the one when the thickness of the HfO 2 interlayer (d) is 2.5 nm, there is the restriction of the current imposed by the contact emission at high bias (> 1 V). The evidence of this is the value of α: in these cases α ≤ 1 [16] . Only the case with d = 2.5 nm shows the values of α = 1.5 at high bias, corresponding to the bimolecular recombination when concentration of major (n) and minor (p) charge carriers is almost equal [16, 33, 34] . So, there is the thickness of HfO 2 layer d = 2.5 nm, which favors a good injection of both types of charge carriers into the ZnO lm.
The dierential images of α(V ) and γ(V ) for low bias (V < 1 V) are shown in Fig. 5b and c. The initial range of α(V ) (0 < V < 0.1 V) shows an ideal diode behaviour where α = kT /ηeV and γ = 1 [35] . 
